77.73 %, respectively. Digital DNA-DNA hybridization (dDDH) studies between the novel strains (S5-249
T and L9-754 T ) and other species of the genus Sphingomonas were well below the thresholds used to discriminate between bacterial species. The results of dDDH and physiological tests allowed genotypic and phenotypic differentiation of the strains from each other as well as from the species of the genus Sphingomonas with validly published names. These data strongly support the classification of the strains as representatives of novel species, for which we propose the names Sphingomonas jatrophae sp. Members of the genus Sphingomonas are aerobic, Gramnegative-staining, chemoheterotrophic, rod-shaped, yellowpigmented bacteria that belong to the class Alphaproteobacteria [1, 2] . Strains have the unique characteristic of producing sphingolipids, which differentiates them from those of allied genera [1] . At the time of writing, the genus Sphingomonas comprised 101 species with validly published names (http:// www.bacterio.net/sphingomonas.html), with Sphingomonas paucimobilis as the type species [1, 3] . Members of the genus have been a focus of studies for bioremediation of environmental contaminants because they have remarkable biodegradative ability and activity towards refractory pollutants, such as polycyclic aromatic hydrocarbons and other aromatic contaminants [4] [5] [6] [7] . They have been isolated under various environmental conditions, such as terrestrial subsurface, anthropogenically polluted water and sediment, the surface of various plants and Antarctic soil [8] [9] [10] [11] . Along with members of the genus Sphingomonas, species of the genus Methylobacterium are frequently found in the phyllospheres of naturally grown plants [10, 12] . It was recently shown that various strains belonging to the genus Sphingomonas protect Arabidopsis thaliana against bacterial pathogens. Upon pathogen challenge, Sphingomonas-inoculated plants exhibited reduced pathogen cell numbers compared with control plants, and plant phenotypes were similar to those of uninfected plants [13] . It is not known how species of the genus Sphingomonas suppress disease, although different mechanisms have been proposed [13] [14] [15] .
Jatropha (Jatropha curcas L.) is a small, woody plant belonging to the family Euphorbiaceae and is endemic to tropical America. It has attracted attention in recent years due to its high potential as a crop for biofuel production [16] . During a study on the diversity and a search for growth-promoting bacteria, we found that Jatropha tissues were associated with several novel bacterial species [17] [18] [19] . Here, we characterized the yellow-pigmented, sphingolipid-producing bacterial strains designated S5-249 T and L9-754 T that exhibited the typical morphological characteristics of the genus Sphingomonas. Based upon results from a polyphasic taxonomic approach, we propose that these strains represent two novel species within the genus Sphingomonas.
Bacterial strains were isolated from leaf (L9-754 T ) and stem (S5-249 T ) tissues of Jatropha cultivars collected from the Agrotechnology Experimental Station in Singapore in September 2009 [20, 21] . The surface-sterilized leaf-tissues were macerated, diluted serially with 10 mM MgSO 4 , plated onto R2A medium (Difco) and N-free semi-solid medium (Nfb) [22] , and incubated at 30 C. Colonies that established on R2A/Nfb medium agar plates after 72 h were restreaked on the same medium to obtain pure isolates, which were maintained by culturing in liquid broth at 30 C under aerobic conditions or stored frozen at À80 C in 7.5 % (v/v) DMSO. Cellular morphology was investigated by transmission electron microscopy as described previously [19] . The pH range (pH 4.0-10.0 at intervals of 1.0 pH units) for growth was determined in R2A broth that was buffered with citrate/ phosphate buffer or Tris/hydrochloride buffer [23] . Tolerance to NaCl (0-5 %, w/v) and the growth at different ranges of temperature (4-45 C) was determined in medium R2A broth spectrophotometrically as an optical density at 600 nm using an Ultraspec 2100 pro UV/Vis Scanning Spectrophotometer (Amersham Biosciences). Anaerobic growth was checked on R2A agar medium by using the GasPak anaerobic system (BBL) at 30 C for 15 days. Gram staining and assays of catalase and oxidase activities, motility, and hydrolysis of starch, carboxymethyl cellulose, xylan, casein and L-tyrosine were performed as described by Kim et al. [24] . Biochemical and nutritional tests were performed by using the commercial API ZYM, API 20NE, API 32GN and API 50CH galleries (bioM erieux) following the manufacturer's instructions. Susceptibility to antibiotics was determined by spreading the bacterial suspension (OD 600~1 .0) onto R2A agar plates supplemented with different concentrations (0, 25, 50, 100 and 250 µg ml
À1
) of antibiotics and incubating for 3 days at 30 C. The type strains of Sphingomonas sanguinis KACC 12338 T and Sphingomonas pseudosanguinis KACC 13232
T were included as the references for the investigation of phenotypic properties of the leaf and stem isolates under the same laboratory conditions.
All physiological and morphological characteristics were observed with cells cultured on R2A or 869 medium [25] under optimal growth conditions, 28-30 C and pH 6-7, unless otherwise noted. Cells of strains S5-249
T and L9-754 T were motile, strictly aerobic and rodshaped (Fig. 1) The phylogenetic positions of the two isolates were determined by sequence analysis of the complete 16S rRNA genes. Genomic DNAs were prepared using the method described by Wilson [26] . PCR amplification of the 16S rRNA genes was carried out with the universal primers 27F and 1492R [27] . Sequencing was performed using an automated DNA sequencer model 3730 XL (AB Applied Biosystems, HITACHI). Sequence similarity was analysed against sequences in the EzBioCloud Database (http://www.ezbiocloud.net/identify) [28] , and these sequences were aligned using the CLUSTAL W tool in MEGA version 6 [29] . Phylogenetic analyses were performed by the neighbour-joining [30] , maximum-likelihood [31] and maximum-parsimony [32] methods using MEGA version 6 with the bootstrap values set at 1000 replications [33] . Strain S5-249 T exhibited maximum sequence similarity with S. sanguinis NBRC 13937 T (96.03 %) while L9-754 T also showed the highest sequence similarity to S. sanguinis NBRC 13937 T (97.44 %). Based on the newly proposed cut-off threshold value (98.65 %) for 16S rRNA gene sequence similarity for species delineation [34] , strains S5-249
T and L9-754 T represent novel species within the Sphingomonas clade. The relationship between novel isolates and members of the genus Sphingomonas was also evident in the maximum-likelihood tree (Fig. 2) ; the maximum-parsimony and neighbourjoining trees (Figs S1 and S2, available in the online version of this article) also showed that strains S5-249
T and L9-754 T can be clearly grouped within the genus Sphingomonas.
To provide a better phylogenetic affiliation of strains S5-249
T and L9-754 T with other genera, a living tree of the family Sphingomonadaceae was also reconstructed [35, 36] (Fig. S3) . A total of 191 curated 16S rRNA gene sequences in the family Sphingomonadaceae were downloaded from the small-subunit (SSU) 128 database, LTP taxonomy (https://www.arb-silva.de/browser/), and were aligned using IP: 54.70.40.11
On: Sat, 12 Jan 2019 10:50:54 CLUSTAL W [37] , and the phylogeny was reconstructed using the maximum-likelihood algorithm in MEGA 6.0 [29] . The phylogenetic tree of the family Sphingomonadaceae illustrated that strains S5-249
T and L9-754 T were clustered with species of the genus Sphingomonas as the closest neighbours.
The draft genome sequences of S5-249
T and L9-754 T were generated at the Department of Energy (DOE) Joint Genome Institute (JGI), Walnut Creek, CA, USA, using Illumina technology [38] . The average nucleotide identities (ANIs) were calculated using the online calculator available from EzBioCloud's database [28] . Digital DNA-DNA hybridization (dDDH) values were calculated by the Genome-to-Genome Distance Calculator [39] (Table S1 ), which were much lower than the previously proposed cut-off value of 96 % for differentiating species within the genus Sphingomonas [40, 41] . The dDDH values showed a low DNA relatedness between strains S5-249
T and L9-754 T and all other species of the genus Sphingomonas (18.7-21.9 %), confirming the suggestion that they belong to different taxa (Table S2 ). These results suggest that strains S5-249
T and L9-754 T do not belong to any previously described species in the genus Sphingomonas. The DNA G+C contents of S5-249 T (66.9 mol%) and L9-754 T (68.5 mol%) were close to the range of 61.6-67.8 mol% reported for established species of the genus Sphingomonas [42] . Therefore, strains S5-249 T and L9-754 T are affiliated phylogenetically with the genus Sphingomonas.
Quinones and polar lipids were extracted and analysed according to the protocol described by Minnikin et al. [43] . Polyamines were analysed by HPLC (Nexera X2; Shimadzu), with the chromatograph equipped with a fluorescence detector (RF-20A; Shimadzu) and a reversed-phase column (Gemini C18 column; Phenomenex) [44, 45] . For analysis of whole-cell fatty acid compositions, the strains were grown on R2A agar plates for 48 h at 30 C. The cellular fatty acids were extracted and analysed by gas chromatography (model 6890; Hewlett Packard) according to the protocol of the Sherlock Microbial Identification System (MIDI) [46] , and the fatty acid methyl esters were identified and quantified by using the TSBA 6 database (version 6.10). Orange cellular pigments were extracted from 5-day-old cultures using a methanol/acetone mixture (1 : 1, v/v). Aliquots of the pigments were scanned for optical absorbance in an Ultraspec 2100 pro UV/Vis scanning spectrophotometer (Amersham Biosciences).
The major cellular fatty acids identified in strains S5-249 T and L9-754 T were summed feature 7 (comprising C 18 : 1 !7c, C 18 : 1 !9t and/or C 18 : 1 !12t), C 16 : 1 , C 14 : 0 2-OH and summed feature 4 (C 16 : 1 !7t, iso-C 15 : 0 2-OH and C 16 : 1 !7c), similar to those of other species of the genus Sphingomonas (Table S3) [47, 48] . S5-249
T and L9-754 T showed fatty acid profiles typical for members of this genus with C 14 : 0 2-OH as the key hydroxylated fatty acid. The polar lipid profile of strain S5-249 T consisted of a mixture of sphingoglycolipid, phosphatidylethanolamine, phosphatidylglycerol and one uncharacterized phospholipid (Fig.  S4a) . The polar lipid profile of strain L9-754 T was similar except that it included diphosphatidylglycerol, one uncharacterized glycolipid, two uncharacterized phospholipids and two uncharacterized lipids (Fig. S4b) 
Sphingomonas phyllosphaerae FA2 T (KE386571)
Sphingomonas yunnanensis YIM 003 T (AY894691)
Sphingomonas ginsenosidimutans Gsoil 1429 T (HM204925)
Sphingomonas carotinifaciens L9-754 T (JQ659512)
Sphingomonas paucimobilis NBRC 13935 T (BBJS01000072)
Sphingomonas sanguinis NBRC 13937 T (BCTY01000091)
Sphingomonas pseudosanguinis G1-2 T (AM412238)
Sphingomonas yabuuchiae GTC 868 T (AB071955)
Sphingomonas abaci C42 T (AJ575817)
Sphingomonas kyungheensis THG-B283 T (JN196137)
Sphingomonas melonis DAPP-PG 224 T (KB900605)

Sphingomonas aquatilis JSS7 T (AF131295)
Sphingomonas rubra BH3 T (FJ834325)
Sphingomonas jatrophae S5-249 T (JQ660172)
Sphingomonas vulcanisoli SN6-13 T (KP859572)
Sphingomonas formosensis CC-Nfb-2 T (HM193517)
Sphingomonas histidinilytica UM2 T (EF530202)
Sphingomonas faeni MA-olki T (AJ429239)
Novosphingobium aquaticum FNE08-86 T (JN399173)
Novosphingobium capsulatum ATCC 14666 T (D16147) The type strain, L9-754 T (=DSM 27347 T =KACC 17595 T ), was isolated as an endophyte from surface-sterilized stem tissues of Jatropha ('KB-27') collected from the
